Purpose: To examine factors influencing primary care provider (PCP) adoption of CT colonography (CTC) for colorectal cancer (CRC) screening. Materials and methods: We performed a retrospective cohort study linking electronic health record (EHR) data with PCP survey data. Patients were eligible for inclusion if they were not up-to-date with CRC screening and if they had CTC insurance coverage in the year prior to survey administration. PCPs were included if they had at least one eligible patient in their panel and completed the survey (final sample N = 95 PCPs; N = 6245 patients). Survey data included perceptions of CRC screening by any method, as well as CTC specifically. Multivariate logistic regression estimated odds ratios and 95% confidence intervals for PCP and clinic predictors of CRC screening by any method and screening with CTC. Results: Substantial variation in CTC use was seen among PCPs and clinics (range 0-16% of CRC screening). Predictors of higher CTC use were PCP perceptions that CTC is effective in reducing CRC mortality, higher number of perceived advantages to screening with CTC, and Internal Medicine specialty. Factors not associated with CTC use were PCP perceptions of less organizational capacity to meet demand for colonoscopy, number of perceived disadvantages to screening with CTC, PCP age and gender, and clinic factors. Conclusion: Significant variation in PCP adoption of CTC exists. PCP perceptions of CTC and specialty practice were related to CTC adoption. Strategies to increase PCP adoption of CTC for CRC screening should include emphasis on the effectiveness and advantages of CTC.
bullet to cure all cancer; it involves a multi-pronged effort that includes a focus on prevention and recognition that we have not yet optimized screening for cancer.
One way to optimize cancer screening is to enhance the choices available for CRC screening. Recent studies have shown that when patients are given options, overall CRC screening rates increase [7] [8] [9] . Inadomi et al. [7] found that when providing patients with a choice between colonoscopy and fecal immunochemical testing (FIT), the rates of both FIT completion and colonoscopy completion were higher among the group who had a choice. The importance of CRC screening by any method has also been recognized in the recently updated USPSTF guidelines [10] , which highlights that CRC screening by multiple methods substantially reduces deaths from CRC in adults aged 50 to 75.
CT colonography (CTC) is a screening examination that structurally evaluates the entire colon. Several multicenter trials have demonstrated the ability to accurately detect precursor polyps and early cancer, similar to the abilities of colonoscopy [11] [12] [13] . This has led to inclusion in the most recently revised ACS guidelines as one of the preferred modalities for CRC screening and prevention [14] . Despite the data supporting its use and consensus that it outperforms the imaging screening modality of barium enema, it remains widely underutilized. Even where economic reimbursement exists, utilization of CTC for CRC screening remains minimal [15] . Given the relative newness of the technology, the slowness of adoption by primary care providers (PCPs) has been theorized as a major cause. The purpose of this study was to examine the factors influencing CTC adoption by PCPs as a CRC screening option, including demographic factors, attitudes about CTC specifically, and attitudes toward CRC screening in general.
Materials and methods

Study setting
We retrospectively analyzed CRC screening data from one of the 12 largest multi-specialty academic physician groups in the US where services are delivered by over 300 PCPs in more than 40 multi-specialty and communitybased primary care clinic sites owned and managed by either the hospital or the physician group practice. In addition, our healthcare system has one of the largest and longest running CTC-based screening initiatives in the US. PCPs have been exposed to multiple educational efforts on CTC-based screening through departmental lectures, interactions with radiology, and promotions through our system-wide colon cancer prevention initiative. Our study takes advantage of a unique feature where significant numbers of patients are enrolled in commercial health plans that cover CTC as a screening modality. The three largest third-party payers in our area have covered CTC for CRC screening since its introduction to our healthcare system in 2004 with most of the remaining commercial insurance plans following suit by 2009. During the period of this study, Medicare and Medicaid did not cover CTC for initial CRC screening. Each year, on average, 70% of patients within our healthcare system are covered by commercial insurance plans, 25% are covered by Medicare, and the rest are covered by Medicaid or are uninsured [16] . This creates an invaluable opportunity to examine the adoption of CTC in actual clinic practice.
Study population
All PCPs in the healthcare system were administered a survey of CRC screening beliefs and practices with a response rate of 70% (N = 226/322). The healthcare system tracks CRC screening rates for public reporting based on PCPs and clinics from Internal Medicine, Geriatrics, and Family Medicine. Subspecialty clinics are not included in this performance metric, so the survey was not sent to providers in subspecialty medical clinics. The survey was adapted from the National Cancer Institute Survey of Colorectal Cancer Screening Practices developed in collaboration with the CDC and Centers for Medicare and Medicaid Services which has been used extensively in prior studies [16] [17] [18] [19] [20] . Survey items were divided into four sections: (1) cancer screening beliefs and practices; (2) attitudes toward CRC screening; (3) CRC screening modalities; and (4) provider characteristics. PCPs who completed the survey were eligible for inclusion.
Electronic health record (EHR) data were used to identify the pool of patients eligible for CRC screening. All EHR data were abstracted from our Epic-based EHR by our Data Operations Team who have received training directly from Epic. The criteria used to define the pool of eligible patients matches the definition used for our public reporting of CRC screening metrics [21] . Patients aged 50-75 years at the start of the study period were included if they were ''medically homed'' by the physician group, defined as having at least two primary care office visits in an outpatient, non-urgent care setting within the previous 36 months, with at least 1 visit in the prior 24 months. This definition has been used in previous studies and ensures that patients who have a single visit to a clinic but seek the majority of their care elsewhere are not included in our screening measures [16, 22] . Patients were excluded if they had a history of a total colectomy based on ICD-9 codes (45.8x) and CPT codes (44150, 44151, 44155-44158, 44210-44212, and 44799).
Patients were eligible for CRC screening with CTC by two measures: (1) they had not been previously screened in the last year with a fecal occult blood test (FOBT), in the last 5 years with a CTC, flexible sigmoidoscopy, or double contrast barium enema (DCBE), or in the last 10 years with a colonoscopy; and (2) they had insurance coverage for CTC in the year prior to survey administration. The denial rate for screening CTC exams in our healthcare system was 14% in the year before survey administration. Patients were assigned to PCPs with the plurality provider algorithm [23] ; PCPs were assigned to clinics by identifying the clinic at which the provider billed the majority of their Evaluation & Management (E&M) visits during the year before the survey. In our healthcare system, all PCPs have open access to colonoscopy and CTC. In addition, most local third-party payers cover CTC as a CRC screening modality as described above in the Study Setting [15] . The final sample included PCPs who had at least one patient in their panel eligible for CRC screening by CTC in the year before the survey and who completed the survey (N = 95) and eligible patients (N = 6245).
Explanatory variables
The survey questions included in the study addressed perceptions of CRC screening overall, as well as screening specifically using CTC. Questions with a natural scale were translated to have the neutral category centered at 0. Questions with the option of multiple responses (e.g., number of perceived advantages and disadvantages to screening with CTC compared to colonoscopy) were added into a final score. For questions with a category representing uncertainty (e.g., ''Don't Know''), an indicator variable was created (1 = uncertain, 0 = a positive or negative answer). Additional PCP and clinic level variables were obtained from the EHR. PCP variables included gender, age, and specialty. Clinic management was defined as hospital-owned vs. physician-owned. Differences in clinic management within our healthcare system are associated with varied clinic infrastructure and populations served.
Statistical analysis
For descriptive purposes, we calculated CRC screening rates for PCPs and primary care clinics in the year prior to survey administration. We determined the total numbers of eligible patients who completed CRC screening by each modality (colonoscopy, CTC, FOBT, flexible sigmoidoscopy, and DCBE) and those who did not complete CRC screening in each PCP's panel.
Logistic regression was used to determine the association between PCP survey responses, PCP/clinic characteristics, and completion of CRC screening by any method, as well as specifically by CTC (compared to all other modalities). Each model included random effects to account for potential variation in PCP patient panels.
Each survey question was fitted one at a time and assessed with a likelihood ratio test (LRT) to evaluate a potential association with CRC screening by any method and specifically with CTC. A question was retained for potential inclusion in a final model when the LRT p value was <0.2 [24] . Multivariate models were then fit using all combinations of the retained survey questions, as well as PCP and clinic characteristics as predictors. The Akaike Information Criterion (AIC) was used to select a final parsimonious model, from which we obtained odds ratios and 95% confidence intervals [25] . Analyses were carried out with Stata 13.1 (StataCorp, College Station, TX) and SAS 9.3 (SAS Institute, Cary, NC). Tests of significance in the final model used two-sided p values at a significance level of 0.05.
Results
Sample characteristics
Ninety-five PCPs were included in this study based on criteria previously described in the Methods section. They practiced at 20 different primary care clinics and cared for 6245 patients who were eligible for CRC screening with CTC in 2009. PCP mean age was 47.6 years, 56% were female, and a little over half practiced Internal Medicine/Geriatrics ( Table 1) . The majority of primary care clinics were physician-owned compared to hospital-owned (70% vs. 30%).
Variation in CTC use among primary care providers and clinics CTC use for CRC screening varied substantially across our healthcare system. CTC use by PCPs ranged from 0% to 16% (of total CRC screening) in the clinic with the largest spread and from 0% to 2% in the clinic with the smallest spread (Fig. 1) . During this time period, CTC accounted for 8% of screening efforts by the entire multispecialty group. The majority of screening was accomplished by colonoscopy at 86% with FOBT used infrequently (4%) and flexible sigmoidoscopy and DCBE used rarely [16] .
PCP perceptions of CTC and CRC screening
The survey questions considered for inclusion in the final model addressed: (1) perceived effectiveness of CTC, (2) guideline influence on CRC screening recommendations, (3) screening capacity, (4) PCP education on CRC screening, (5) number of perceived disadvantages to screening with CTC compared with colonoscopy, (6) number of perceived advantages to screening with CTC compared to colonoscopy, (7) tolerability/comfort of screening with CTC, and (8) complexity of screening with CTC. Seventy-eight percent of PCPs perceived CTC as being very or extremely effective in reducing CRC mortality (Table 2 ). More PCPs felt that the USPSTF guidelines [26] were very or extremely influential on their CRC screening recommendations compared to the ACS guidelines [14] (72% vs. 33%). Three-quarters of respondents believed that the organizational capacity to meet the demand for colonoscopy was inadequate. In terms of capacity for CTC, the majority (57%) felt the capacity was just about right to meet the demand for CTC. With respect to education on CRC screening, 68% of PCPs reported that they had not attended a continuing medical education course on CRC screening in the previous three years. For perceived disadvantages to screening with CTC compared to colonoscopy, respondents could indicate that CTC is too expensive or insurance coverage is inadequate; false-positive colonic findings, following up on extra-colonic findings, need for a second test if a polyp is found on CTC, and radiation exposure if follow-up imaging is necessary. The results were calculated into a score with 30% perceiving none or just one disadvantage, 26% perceiving two disadvantages, and the remainder reporting three or more perceived disadvantages. For perceived advantages to screening with CTC compared to colonoscopy, respondents could indicate patient comfort and tolerability, availability of appointments for CTC, use of CTC for patients on anticoagulation/anti-platelet therapy, sedation risk, and the choice of no advantages to using CTC over colonoscopy. The results were again calculated into a score with 16% perceiving none or just one advantage, 15% perceiving two advantages, and 69% reporting three or more advantages (Table 2) . Onethird of PCPs reported that patient tolerability and Bold values are statistically significant CRC, colorectal cancer; PCP, primary care provider; CI, confidence interval a Other modalities include fecal occult blood testing, flexible sigmoidoscopy, double contrast barium enema, and colonoscopy comfort of screening with CTC was greater than screening with colonoscopy. On the other hand, about one-quarter of PCPs felt the process of screening with CTC was more complex than the process of screening with colonoscopy.
Predictors of overall CRC screening and screening by CTC Significant predictors of completing CRC screening overall by any method (i.e., colonoscopy, CTC, flexible sigmoidoscopy, FOBT, and DCBE) were PCP specialty, with Internal Medicine/Geriatrics more likely to complete CRC screening over Family Medicine (OR 1.41; 95% CI 1.16-1.71, p < 0.01) and PCP perceptions of organizational capacity to meet demand for colonoscopy. PCPs who perceived that capacity for colonoscopy was inadequate were more likely to screen their patients for CRC (OR 1.23, 95% CI 1.02-1.48, p = 0.03). This result is counterintuitive; however, at the time of survey administration, there was a shortage of gastroenterologists in the participating healthcare system to perform colonoscopies leading to inadequate capacity to meet the demand for colonoscopies. We hypothesize that high-performing PCPs were able to accurately identify this issue because they are more engaged in the CRC screening process and therefore, encounter and are more attuned to the barriers to CRC screening in our healthcare system. Interestingly, PCP age and gender, and clinic management were not significant in this model (Table 3) . Among the subset of patients who completed CRC screening, significant predictors of being screened with CTC compared to any other method were PCP perceptions that CTC is effective in reducing CRC mortality, number of perceived advantages to screening with CTC compared to colonoscopy, and PCP specialty. PCPs who perceived CTC as extremely effective in reducing CRC mortality were more likely to use CTC compared to those who felt it is not at all, slightly, or moderately effective (OR 2.86; 95% CI 1.13-7.25, p = 0.02). PCPs who perceived more than three advantages to CTC were more likely to use CTC compared to those who perceived no advantages to CTC over colonoscopy (OR 3.79; 95% CI 1.2-11.97, p = 0.01). Internal Medicine/Geriatrics providers were more likely to use CTC for CRC screening (OR 2.33; 95% CI 1.41-5.03, p < 0.01). Perceived organizational capacity to meet the demand for colonoscopy, PCP age and gender, and clinic management were not significant predictors of CRC screening by CTC compared to other modalities (Table 3) . Also of note, number of perceived disadvantages to screening with CTC compared to colonoscopy, tolerability of screening with CTC, and complexity of screening with CTC were not included in the final parsimonious model based on the AIC.
Discussion
Our research shows that even in a healthcare system with widespread insurance coverage for CTC as a CRC screening modality, substantial variation in early PCP adoption of CTC can be seen. CTC screening rates within even a single clinic may vary from 0 to 16%. We showed that PCPs who believe that CTC is effective in reducing CRC mortality are more likely to screen with CTC and that the number of perceived advantages to using CTC over colonoscopy was also associated with higher CTC use. Interestingly, the number of perceived disadvantages to CTC compared to colonoscopy was not significant. This knowledge will be helpful to increase adoption of this technology. The results of our study can help direct efforts to improve CTC adoption among PCPs. Given the poor adherence rates with current tests, improved adoption of an effective modality such as CTC may make a large impact on future CRC incidence. This is especially important in the light of the recently updated USPSTF guidelines on CRC screening which highlight the effectiveness of CRC screening by multiple methods [10] .
The fact that the number of perceived disadvantages to CTC compared to colonoscopy was not significant is surprising. Since its introduction, opponents to CTCbased screening have been very concerned about the perceived disadvantages. They argued extra-colonic findings, radiation exposure, and decreased performance in various polyp subtypes as reasons against use of this modality. Over the past decade, a substantial body of literature has emerged addressing these issues [27] . Many of these areas of perceived deficiency at CTC are nuanced. For example, extra-colonic findings have been shown to hold both benefits and drawbacks, ultimately requiring 6-8% additional workup for findings outside of the colon, yet leading to the unsuspected identification of extra-colonic cancers in 0.3-0.6% and abdominal aortic aneurysms in 0.1-0.8% [28] [29] [30] [31] [32] [33] [34] [35] .
We should focus on the fact that a significant predictor of higher CTC use for CRC screening was the perceived advantages to screening with CTC over colonoscopy. This can be explained by research which has shown that organizations are more likely to be willing and able to adopt technologies that offer relative advantages, especially when the ''innovation is [perceived to be] technically superior (in terms of cost, functionality, image, etc.) than the technology it supersedes'' [36] . Thus, a potential strategy for CTC adoption should concentrate on disseminating the effectiveness of this test which has a sensitivity of 96.1% for cancer detection in a large meta-analysis [37] and 90% for polyps ‡10 mm (a benign precursor) which has the potential to progress to cancer [11] . The emerging data on the effectiveness of serrated polyp detection at CTC should be an educational priority for the radiology community to provide to PCPs [38] . Similarly, education regarding patient comfort and tolerability, ability to perform CTC without cessation of anticoagulation, lack of need for sedation, and lack of perforation risk should also be areas of emphasis.
Our study does have some limitations. The provider group included in the study represents a large, academic practice with multi-specialty, and community-based primary care clinics which could impact the generalizability of our findings. However, large multi-specialty systems are becoming a preferred way to provide high-quality health care and are increasingly recognized as critical to the understanding and improvement of health care delivery [39] . Another potential limitation is selection bias when relying on survey data; however, we believe this impact is minimal in our study due to the high overall response rate (70%) and our inclusion criteria that counted all PCPs who had at least one patient eligible for CRC screening with CTC based on insurance coverage. A third source of bias is that a number of our variables are obtained from the EHR which could result in misclassification of CRC screening status due to missing data. This is unlikely to result in systematic bias across our healthcare system since all clinics have used a fully integrated EHR populated with all data going back to 1991 (including scanned documents that are manually reviewed to assess completion of CRC screening outside the system). A fourth limitation is that patients with inflammatory bowel disease, a history of CRC, and patients with a known hereditary colon cancer syndrome were not excluded from this study. These patients were not excluded due to our eligibility criteria that aligned with our definition for public reporting of CRC screening metrics [21] . This could lead to an underestimate of CTC utilization by PCPs for CRC screening; however, there is no reason to suspect a systematic bias across PCPs or primary care clinics with respect to this issue. A final limitation that will impact generalizability of our results is the issue of insurance coverage. Insurance coverage for CTC has been available for several years in our healthcare system, and this is a common knowledge among our PCPs. However, with the recently updated USPSTF CRC screening guidelines, we are optimistic that insurance coverage for CTC for CRC screening will be expanding across the country.
In conclusion, significant variation in PCP adoption of CTC exists even in a healthcare system where insurance coverage is not a major barrier. Potential effective strategies to increase PCP adoption of CTC for CRC screening should include emphasis on the effectiveness and advantages of this test as opposed to addressing the perceived disadvantages.
